Many physiologically active hepatoprotective substances, such as those with antifibrotic activity, have been found in tea, fruits, and vegetables.
main cause of liver fibrosis. 6) Among the polyphenols, syringic acid and vanillic acid are enriched in the solid medium of cultured L. edodes mycelia. L. edodes grown in lignocellulose secretes lignin-degrading peroxidase into the culture medium.
11) The mycelia-derived enzymes degrade the lignin to produce phenolic compounds, particularly syringic acid and vanillic acid. In the present study, we used a mouse model of liver injury to evaluate the hepatoprotective activity of these compounds.
Concanavalin A (ConA)-induced liver injury is a mouse model of immune-mediated liver injury that resembles viral and autoimmune hepatitis in humans.
12) The intravenous injection of ConA into mice increases the plasma alanine aminotransferase (ALT) level; simultaneously, activated T cells infiltrate the liver, and the apoptosis and necrosis of hepatocytes follows. The activation of T cells by ConA results in increased levels of inflammatory cytokines, including tumor necrosis factor (TNF)-a, interferon (IFN)-g, and interleukin (IL)-6. 13) In the present study, we found that syringic acid and vanillic acid could suppress ConA-induced liver inflammation and damage in mice.
MATERIALS AND METHODS
Animals BALB/c mice were purchased from SLC (Shizuoka, Japan). The animals were housed in an air-conditioned room at 22°C before the experiment. Hepatic injury was elicited in 6-week-old male mice by injecting ConA (20 mg/kg body weight) (Seikagaku Biobusiness, Tokyo, Japan) into the tail vein. L.E.M., syringic acid (WAKO, Osaka, Japan) or vanillic acid (WAKO, Osaka, Japan) was administered intraperitoneally just before the ConA adminis- The edible mushroom Lentinula edodes (shiitake) contains many bioactive compounds. In the present study, we cultivated L. edodes mycelia in solid medium and examined the hot-water extract (L. tration. L.E.M., syringic acid and vanillic acid were dissolved in sterilized phosphate buffered saline (PBS). Blood was collected from the orbital sinus 24 h after the ConA administration and analyzed for transaminases. The blood was sampled at 24 h because the transaminase levels peaked at 24 h after the ConA treatment. The animal experiments were conducted in accordance with the ethical guidelines of the Osaka University Graduate School of Pharmaceutical Sciences.
Analysis of Liver Enzymes
The serum aspartate aminotransferase (AST) and ALT levels were measured by using an assay kit (Transaminase C, WAKO, Osaka, Japan).
Cytokine Determination by ELISA The IL-6, TNF-a, and IFN-g levels in serum samples were determined by using a mouse enzyme-linked immunosorbent assay (ELISA) kit (Biosource, San Jose, CA, U.S.A.). Analyses were performed according to the manufacturer's instructions. The blood samples were collected at 3, 6, and 9 h because the cytokine levels increased more rapidly than the transaminases and returned to almost normal levels within 12 h.
Histological Analysis Liver specimens were fixed in 4% paraformaldehyde and embedded in paraffin. The tissue blocks were cut into 3-mm sections that were mounted on slides and stained with hematoxylin-eosin.
DPPH Radical-Scavenging Activity The free radicalscavenging activities of L.E.M., syringic acid, and vanillic acid were measured by using the 1,1-diphenyl-2-picrylhdrazyl (DPPH) method. 14) DPPH is a stable free radical that was used for evaluating the scavenging activity by end-point assay. Each compound at the concentration of 0.01 to 1.0 mg/ml was dissolved in ethanol and mixed with DPPH. The reaction was completed within a few minutes. After a 20-min incubation at room temperature in the dark, the absorbance of the sample was read at 517 nm by using a spectrophotometer. The scavenging activity was shown by the decrease in the absorbance at 517 nm.
Preparation of L.E.M. L.E.M. was prepared as previously reported. 15) Briefly, L. edodes mycelia were cultivated in solid medium composed of sugarcane bagasse and defatted rice bran. To prepare the culture extract, hot water was added to the medium including the mycelia, and the extract was filtered and lyophilized before being used as the L.E.M. preparation.
Statistics The data were analyzed for statistical significance by the non-parametric Steel-Dwass multiple comparison method. p values less than 0.05 were considered statistically significant.
RESULTS

Effect of L.E.M. on ConA-Induced Liver Injury
We examined the hepatoprotective effect of L.E.M. on ConA-induced liver injury in mice. Various amounts of L.E.M. were injected intraperitoneally just before the ConA injection. Twenty-four hours after ConA treatment, the activities of serum AST and ALT were greatly increased as compared to the untreated control (Fig. 1) . The intraperitoneal administration of L.E.M. at 20 mg/kg body weight significantly decreased the AST and ALT levels. When administered orally 2 weeks before the ConA treatment, L.E.M. significantly suppressed the increase in transaminases (data not shown).
These results indicate that L.E.M. has a protective effect against ConA-induced liver injury.
Effect of Syringic and Vanillic Acid on ConA-Induced Liver Injury We next examined the hepatoprotective effect of syringic and vanillic acid on the ConA-induced liver injury in mice. Syringic or vanillic acid (0.1, 1.0, or 10.0 mg/kg body weight) was injected intraperitoneally just before the ConA injection. The intraperitoneal administration of syringic or vanillic acid dose-dependently decreased the activities of AST and ALT (Fig. 2) . To obtain histological evidence for the protection from liver injury, liver sections were prepared and stained with hematoxylin and eosin; representative images are shown in Fig. 3 . The structure of the hepatic sinusoids was normal in the sections from untreated mice. In contrast, the hepatic sinusoids were disorganized and inflammatory infiltration was present in the liver sections from the ConA-treated mice, showing that the liver was injured by the tail-vein injection of ConA. Although some hepatocytes lacking nuclei were seen around the vessel, the disorganization caused by the ConA treatment was decreased in the sections from mice treated with 10 mg/kg of syringic acid or vanillic acid (Figs. 3C, D) . Next, we measured the TNF-a, IFN-g, and IL-6 levels in serum 3, 6, and 9 h after ConA treatment (Fig. 4) . The intraperitoneal injection of 10 mg/kg of syringic or vanillic acid significantly decreased the cytokine levels in the serum. These results clearly indicate that syringic acid and vanillic acid have a protective effect against ConA-induced liver injury.
DPPH Radical-Scavenging Activity of L.E.M., Syringic Acid, and Vanillic Acid Figure 5 shows the radical scavenging activities of the samples with DPPH as the substrate. L.E.M. had a dose-dependent scavenging activity that was probably derived from the phenolic compounds including syringic acid and vanillic acid. Both syringic acid and vanillic acid had DPPH radical-scavenging activity; syringic acid had a much higher activity than vanillic acid. This anti-oxidation activity could potentially be effective for suppressing oxidative stress-derived liver injury. 
DISCUSSION
This study showed that L.E.M., the hot water extract of cultured mycelia, had a hepatoprotective effect against ConA-induced liver injury in mice, a widely used model of viral hepatitis. Since ConA-induced liver injury is caused by the activation of T cells, the potential immunomodulators contained in the L.E.M., including polysaccharides, glucans, and eritadenine 4, 16) could be responsible for the suppressive effect of L.E.M. L.E.M. also contains phenolic compounds that have antioxidation activity, and we previously reported that the administration of L.E.M. suppresses oxidative stressinduced liver injury. 6, 7) In the present study, we found that the anti-oxidative phenolic compounds syringic acid and vanillic acid strongly suppressed ConA-induced liver injury in mice.
The physiological functions of plant-derived phenolic compounds have been previously described. Syringic and vanillic acid are reported to possess antimicrobial, anticancer, and anti-DNA oxidation activities. [17] [18] [19] The present study provides the first evidence that both of these compounds suppress transaminase leakage and inflammatory cytokine production in mice that have ConA-induced liver injury. When these phenolics are orally administered to hamsters, they are absorbed and appear in the plasma within 40 min. 20) Thus, although the phenolics were injected intraperitoneally in the present study, oral administration might also elicit a positive effect on liver injury. Furthermore, these compounds can be obtained in large amounts from inexpensive sources, such as sugarcane molasses. Therefore, syringic and vanillic acid might be promising internal medicines or supplements for suppressing the effects of immune-mediated liver injury, such as the persistent inflammation caused by hepatitis virus infection.
Syringic acid and vanillic acid significantly suppressed the increase in the inflammatory cytokines TNF-a, IFN-g, and IL-6 elicited in vivo by the T-cell mitogen, ConA. Therefore, phenolics might alleviate the uncontrolled immune response through immunomodulation. Sharma et al. reported that the plant-derived antioxidant, chlorophyllin, inhibits ConAinduced lymphocyte proliferation in vitro. 21) Another antioxidant, resveratrol, is reported to inhibit the production of cytokines, such as IFN-g and TNF-a, in ConA-treated spleen cells and macrophages. 22) Although chlorophyllin and resveratrol possess various activities that could be responsible for these results, their antioxidation activity could be a major contributor to the suppression of lymphocyte activation. Pani reported that the proliferation of mouse thymocytes in response to ConA treatment is strongly inhibited by the ROS scavenger, N-acetylcysteine, and by the inhibitor of NADPH oxidase, diphenyleneiodonium. 23) NADPH oxidase generates ROS after its activation in cells by various types of stimulation. 24) Therefore, the suppressive effect of syringic and vanillic acid on the ConA-induced liver injury might be due to their scavenging of ROS generated by activated NADPH oxidase in the lymphocytes. ConA induces a massive recruitment of activated T cells to the liver. Schwabe reported that ConA-induced liver injury is largely dependent on membrane-bound TNF-a on the infiltrating T cells. The TNF binds to its receptor on hepatocytes to induce ROS production. 24) Syringic acid and vanillic acid could scavenge the ROS to suppress hepatocyte death.
Although syringic and vanillic acids had almost the same effect on liver protection, syringic acid had stronger DPPH activity than vanillic acid. There might be alternative characteristic of these phenolic compounds that are responsible for their liver-protecting effect. Caffeic acid phenethyl ester (CAPE), which is an active phenolic compound contained in propolis, has immunomodulatory and anti-inflammatory properties. 25) Since DNA-binding and transcriptional activities of NF-kB are inhibited in CAPE-treated Jurkat cells, CAPE appears to suppress the proliferation of T cells. Curcumin, a phenolic compound with various biological activities including immunomodulation, suppressed TNF-induced NF-kB-dependent gene transcription. 26) Curcumin and CAPE covalently modify sulfhydryl groups by oxidation and alkylation, and the modification might be responsible for the inhibition of the NF-kB-dependent process. Syringic acid, vanillic acid, and curcumin are phenolic compounds that possess O-methoxy groups. Therefore, it is possible that the immunomodulatory effect of syringic and vanillic acids is mediated by inhibiting the NF-kB-dependent process. In the present study, we showed that the cytokine levels were lowered after the administration of syringic acid or vanillic acid in ConAtreated mice; however, the level of suppression was smaller than the anti-inflammatory effect. The inhibition of TNF-induced NF-kB-dependent processes might play an important role in protection against ConA-induced liver injury.
In addition to the ConA-induced acute liver injury, we found that syringic and vanillic acid extensively suppressed the liver fibrosis elicited by chronic treatment with carbon tetrachloride (to be published elsewhere). Thus, these phenolics appear to have physiologically versatile functions. Further studies on the bioavailability, toxicity, and stability of these compounds are underway. The contents of syringic acid and vanillic acid in L.E.M. are 450 and 378 mg/g, respectively. Thus, the contents are relatively small, and the phenolics might not play a major role in immunomodulation effect of L.E.M. However, these phenolics are small molecules that can be easily synthesized in large amounts by organic reactions. These characteristics have clear advantages over immunomodulating glucan or polysaccharide, which seem to be the major components in L.E.M. for drug development.
